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Infections with extracellular bacteria are a global source of morbidity and mortality (3) . Resolution of these infections in the naive host is mediated primarily through phagocytosis and intracellular killing by neutrophils and macrophages which are recruited to the site of infection (33) . Phagocytosis in turn is facilitated by opsonins, such as natural antibody and acutephase proteins, such as complement and C-reactive protein, which are induced early after infection (37) . These components of the innate antibacterial response are induced and/or activated in part by proinflammatory cytokines, such as interleukin 1 (IL-1), IL-6, tumor necrosis factor alpha (TNF-␣), IL-12, and gamma interferon (IFN-␥) (20, 30) . Subsequent to initial bacterial exposure, immunity develops primarily through induction of immunoglobulin G (IgG), specific for both protein and polysaccharide antigens expressed by the bacterial pathogen (3) .
Although the protective role of proinflammatory cytokines in early innate defense against extracellular bacteria is well established, little is known concerning the cytokines that potentially mediate the adaptive humoral response to these agents. Further, the potential link between early innate release of cytokines in response to these pathogens and subsequent adaptive humoral immunity is unknown. That such a link may exist is suggested, in part, by the early recruitment, maturation, and migration of antigen-presenting cells (APCs), in response to proinflammatory mediators, including cytokines and chemokines (7, 67) . Anti-inflammatory cytokines such as IL-4 and IL-10 may also be induced in response to extracellular bacteria (68) . Although these type 2 cytokines are widely regarded as inducers of humoral responses during allergic and antihelminthic Ig responses, they could potentially down-regulate humoral responses during infections with extracellular bacteria, in part through direct and indirect inhibitory effects on APC recruitment and function (15, 23, 28, 41) . Finally, the parameters that regulate protein-versus polysaccharide-specific Ig responses to an intact extracellular bacteria are largely unknown. In this regard, in vitro studies suggest that the physiological cytokine requirements for these two types of response may differ (73) . This is based, in part, on the strong membrane Ig-mediated signals delivered to B cells by multivalent polysaccharide antigens, and in contrast, the recruitment of cognate T-cell help, including CD40/CD40-ligand interactions, during Ig responses to proteins (53) .
In light of these unresolved issues, we set out to determine the endogenous cytokine requirements for both protein-and polysaccharide-specific Ig isotype responses to an intact extracellular bacteria, the unencapsulated variant (strain R36A) of the virulent Streptococcus pneumoniae capsular type 2 strain D39 (5). Immunity to S. pneumoniae can be mediated by a number of bacterial proteins, the phosphorycholine (PC) determinant of the cell wall teichoic acid (C-polysaccharide), as well as capsular polysaccharide (9-12, 26, 57) . In this report we investigated the role of various endogenous pro-and antiinflammatory cytokines in the regulation of Ig isotype responses specific for the pneumococcal cell wall protein, pneu-mococcal surface protein (PspA) and for PC. We demonstrate that proinflammatory cytokines such as IL-6, TNF-␣, IL-12, and IFN-␥ individually have stimulatory effects on the humoral response to R36A that are largely independent of Ig isotype. In contrast, IL-10 downregulates Ig responses in an isotype-nonspecific manner, whereas IL-4 appears to regulate Ig class switching. The anti-PspA response to R36A is significantly more sensitive to this cytokine regulation than is the Ig isotype response to PC.
MATERIALS AND METHODS
Mice. C57BL/6, 129B6, IL-4 Ϫ/Ϫ , IL-6 Ϫ/Ϫ , IL-10 Ϫ/Ϫ , IL-12 Ϫ/Ϫ , and IFN-␥ Ϫ/Ϫ female mice were purchased from Jackson Labs (Bar Harbor, Maine). Mice were used at 6 to 10 weeks of age and were maintained in a pathogen-free environment.
Reagents. Neutralizing rat IgG1 anti-mouse TNF-␣ MAb (XT22) (1), neutralizing rat IgG1 anti-mouse IFN-␥ MAb (XMG-6) (16), and control rat IgG1 anti-Escherichia coli ␤-galactosidase MAb (GL113) were purified from ascites by ammonium sulfate precipitation, followed by protein G purification. Neutralizing rat IgG1 anti-mouse IL-10 (JES5-2A5) and control MAb (R3-34, nonreactive rat IgG1) were purchased from BD PharMingen (San Diego, Calif.). Recombinant PspA, a kind gift of Luba Grinberg (Biosynexus, Inc., Rockville, Md.) was expressed in Saccharomyces cerevisiae BJ3505 as a His 6 -tagged fusion protein and purified by Ni-nitrilotriacetic acid (NTA) affinity chromatography (81) . The expressed protein includes amino acids 4 to 299 of the mature protein. Recombinant pneumococcal surface adhesin A (PsaA), a kind gift of James C. Paton (Adelaide University, Adelaide, S. A., Australia), was expressed in E. coli as a His 6 -tagged fusion protein and purified by Ni-NTA affinity chromatography (60) . PC-bovine serum albumin (PC-BSA) and PC-keyhole limpet hemocyanin (PC-KLH), kind gifts of Andrew Lees (Biosynexus, Inc.), were synthesized as described previously (82) .
Preparation of, and immunization with, R36A. A nonencapsulated variant (strain R36A) of virulent S. pneumoniae capsular type 2 (strain D39) (5) was grown in Todd-Hewitt broth to mid-log phase and stored at Ϫ70°C. For immunization, frozen bacteria were thawed and subcultured on blood agar plates. One to two characteristic colonies were selected and suspended in 200 ml of ToddHewitt broth, placed in a shaker water bath at 37°C for 4 to 6 h until an optical density (absorbance at 650 nm) of 0.6 was achieved as measured by a spectrophotometer (Spectronic 100; Bausch & Lomb, Rochester, N.Y.). The 200-ml prep of R36A was then heat killed by incubation in a 60°C water bath for 10 h (1 h/20 ml). Sterility was confirmed by culture. This bacterial stock containing 10 9 CFU/ml was aliquoted and frozen at Ϫ70°C until used for immunization. Mice were immunized intraperitoneally (i.p.) with various doses (CFU equivalents) of heat-killed bacteria in 250 l of phosphate-buffered saline (PBS). Serum samples for measurement of antigen-specific Ig isotype titers were prepared from blood obtained through the tail vein.
Measurement of serum antigen-specific Ig isotype titers. Immulon 2 plates were coated with PC-KLH or PC-BSA (5 g/ml) and Immulon 4 plates were coated with PspA (5 g/ml) or PsaA (1 g/ml) in 1ϫ PBS for 1 h at 37°C or overnight at 4°C. Plates were then blocked with blocking buffer (1ϫ PBS plus 0.5% BSA) at 37°C for 30 min or 4°C overnight. Threefold dilutions of serum samples in blocking buffer were then added starting at a 1/50 serum dilution. After 1 h of incubation at 37°C, plates were washed three times with PBT (1ϫ PBS plus 0.1% Tween 20) . Alkaline phosphatase-conjugated polyclonal goat anti-mouse IgM, IgG3, IgG1, IgG2b, and IgG2a antibodies (final concentration in blocking buffer, 200 ng/ml) were then added, and plates were incubated at 37°C for 1 h. Plates were washed five times with PBT. Substrate (4-methylumbelliferyl phosphate) was then added (50 g/ml; 50 l/well) and fluorescence was read on a MicroFLUOR enzyme-linked immunosorbent assay (ELISA) reader (Dynatech Laboratories, Inc., Chantilly, Va.).
Magnetic cell sorting. Spleens were first enzymatically digested with a lipopolysaccharide (LPS)-free mixture of Liberase CI and DNase I (Roche Diagnostics Corp, Indianapolis, Ind.). Spleens were then macerated and passed through a wire mesh filter. The resulting cell suspension was pelleted, and red blood cells were lysed using ACK lysing buffer (Invitrogen, Rockville, Md.). Cells were then washed once with LPS-free Dulbecco's phosphate-buffered saline (BioWhittaker, Frederick, Md.) plus LPS-free EDTA (Sigma, St. Louis, Mo.). B cells and T cells were separated from whole spleen cells by magnetic cell sorting with MACS (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer's instructions. Briefly, to 10 7 spleen cells was added 10 l (each) of MACS MicroBeads conjugated to rat IgG2b anti-mouse Thy-1.2 MAb (30H12) and rat IgG2a anti-mouse B220 MAb (RA3-6B2) and cells were subjected to a magnetic field for cell separation. Real-time reverse transcription-PCR (RT-PCR) for measurement of cytokinespecific mRNA. Total RNA was extracted from isolated spleen cell populations using RNAzol B (TEL-TEST, Inc., Friendswood, Tex.). Total RNA was then reverse transcribed using the Superscript II Preamplification System for firststrand cDNA synthesis (Invitrogen) according to the manufacturer's instructions. One hundred eighty nanograms of RNA was subsequently used as a template for each real-time PCR. All PCRs for cytokine-specific mRNA were performed on an ABI PRISM 7700 Sequence Detector System (PE Applied Biosystems, Foster City, Calif.) using proprietary cytokine-specific primers and probes from ABI Applied Biosystems (Rockville, Md.). Relative cytokine mRNA levels were determined by normalization of the signal with that for rRNA. In initial studies, twofold dilutions of cDNA generated a linear signal curve over at least a 30-fold range of cDNA concentrations.
Cytokine-specific ELISA. The concentrations of specific cytokines released into the media of spleen cell cultures were measured by optimized standard sandwich ELISA. Recombinant cytokines used as standards, as well as the capture MAbs, biotinylated MAbs used for detection, and streptavidin-alkaline phosphatase were purchased from BD PharMingen. Streptavidin-alkaline phosphatase was used in combination with 4-methylumbelliferyl phosphate (Sigma) as a substrate to detect the specific antibody binding. Standards were included in every plate, and the samples were tested in duplicate. The limits of detection of the respective ELISAs were as follows: IL-4, 5 pg/ml; IL-6, 4 pg/ml; IL-10, 150 pg/ml; IL-12 (p40/70), 6 pg/ml; TNF-␣, 12 pg/ml; and IFN-␥, 80 pg/ml.
Statistics. Data are expressed as the arithmetic means of Ig titers of individual serum samples plus or minus the standard errors of the means (SEM). Differences between treatment groups were considered significant at P values of Ͻ0.05 using the Student t test.
RESULTS
Endogenous TNF-␣ is required for an optimal anti-PspA, anti-PsaA, and anti-PC response to R36A. Although the proinflammatory cytokine TNF-␣ plays a key role in stimulating the innate immune response to extracellular bacteria, its potential to regulate an adaptive humoral immune response to these pathogens in vivo is not known. In particular, little is known regarding the potential requirements for endogenous cytokines in mediating protein versus polysaccharide-specific Ig responses to an intact bacterium. To address this issue, mice were injected i.p. with a neutralizing anti-TNF-␣ MAb, an isotype-matched control MAb, or saline followed 1 day later by i.p. immunization with an intact, heat-killed nonencapsulated variant of S. pneumoniae, capsular type 2 (strain R36A). Mice were bled 7 and 14 days after primary R36A immunization for determination of anti-PC (day 7) and anti-PspA and anti-PsaA Ig (day 14) isotype titers. Previous studies in our laboratory showed that the primary anti-PC response was maximal by day 7, whereas the primary anti-PspA response was maximal by day 14 (82, 83) . As shown in Fig. 1 , mice treated with anti TNF-␣ MAb had 6-to 11-fold reductions in all IgG anti-PspA and IgG anti-PsaA isotypes, whereas a more moderate but significant 2-to 3-fold reduction in the IgG anti-PC isotype response relative to control MAb or saline was observed. No significant reduction in the IgM anti-PC response was seen in mice treated with anti-TNF-␣ MAb relative to control MAb or saline. In additional studies, we observed that the anti-TNF-␣-mediated reductions in anti-PspA and anti-PC responses were maintained over at least a 6-week period (data not shown), indicating that anti-TNF-␣ did not merely delay but suppressed the humoral response to R36A. These data are the first to demonstrate that endogenous TNF-␣ is required for an optimal protein-and polysaccharide-specific Ig isotype response to an intact extracellular bacterium in vivo.
TNF-␣ is required for the development of PspA-specific memory but not for elicitation of the anti-PspA memory response upon secondary immunization. We next wished to determine whether endogenous TNF-␣ was also required for the development of PspA-specific memory. Thus, we injected anti-TNF-␣ or control MAb at the time of primary immunization with R36A and collected sera 2 weeks later (primary). Mice were then rechallenged 6 weeks later with R36A alone. After rechallenge, secondary IgG anti-PspA titers were determined 7 days later (82, 83) . As a control, we showed that mice immunized with R36A 6 weeks after injection of anti-TNF-␣ MAb alone generated a primary anti-PspA response equivalent to that of mice receiving a control MAb, indicating effective clearance of anti-TNF-␣ MAb after a 6-week period (data not shown). As illustrated in Fig. 2A , anti-TNF-␣ MAb significantly inhibited (10-to 12-fold) the primary IgG anti-PspA response relative to that found for mice treated with control MAb, as demonstrated also in Fig. 1 . After boosting with R36A 6 weeks later, mice receiving control MAb during the primary showed secondary IgG anti-PspA titers Ͼ10-fold higher than those observed at the height of the primary. In contrast, mice that received anti-TNF-␣ MAb during the primary developed a secondary anti-PspA response that was only at the level of a normal primary. This indicated that anti-TNF-␣ inhibited the generation of PspA-specific memory but did not induce tolerance.
We further wished to determine the potential requirement for TNF-␣ during the elicitation of a memory IgG anti-PspA response. Thus, anti-TNF-␣ or control MAb was injected at the time of boosting of mice that had previously been immunized with R36A alone and thus were allowed to develop memory. As shown in Fig. 2B , anti-TNF-␣ had no significant effect on the elicitation of the memory IgG anti-PspA response. Thus, endogenous TNF-␣ is required for the primary anti-PspA response and the development of PspA-specific memory, but not for the elicitation of a memory response. TNF-␣ is required relatively early after primary R36A immunization. We next wished to know the time period after immunization during which TNF-␣ was required for induction of an optimal primary PspA-specific Ig response to R36A. To accomplish this, groups of five mice were given a single injection of anti-TNF-␣ MAb, each at a different time (0 to 5 days) after primary immunization with R36A, and sera were obtained 14 days after the initial R36A immunization for determination of serum IgG anti-PspA titers. A separate group of mice received control MAb at the time of R36A immunization for comparison. As illustrated in Fig. 3 , injection of anti-TNF-␣ MAb on days 0, 1, and 2 following R36A immunization significantly inhibited the primary IgG anti-PspA response, whereas it had no significant effect when injected on day 3 or thereafter. These data indicate that TNF-␣ is required only within the first 48 to 72 h after primary immunization with R36A.
R36A rapidly coinduces both pro-and anti-inflammatory cytokines in vivo. In light of the Ig-inductive action of TNF-␣ within the first 48 to 72 h after R36A immunization, we were interested to know the time during which this and other proand anti-inflammatory cytokines were induced and their cellular source(s). To accomplish this we combined magnetic cell sorting with real-time RT-PCR for semiquantitation of cytokine-specific mRNA in isolated lymphoid (B ϩ T) and nonlymphoid (non-B and non-T) cell populations. For this analysis, spleen cells were obtained at different times (0 to 72 h) after R36A immunization. As illustrated in Fig. 4 , R36A induced a rapid (2 to 6 h) and transient expression of both pro-(IL-1, IL-6, TNF-␣, IFN-␥, and IL-12) and anti-inflammatory (IL-4 and IL-10) cytokines within the spleen. A bimodal pattern of cytokine induction was observed, with one peak seen by 2 h after immunization within the non-B-and non-T-cell compartment, and the second peak seen by 6 h within the B-ϩ T-cell compartment. Relative expression levels of cytokines were typically higher in the non-B-and non-T-cell compartment, and B ϩ T cells failed to make IL-12. Cytokine mRNA expression generally returned to preimmunization levels by 24 h and remained at those levels up to 72 h after immunization. As demonstrated in Fig. 9 , enhancement of specific cytokine mRNA levels was correlated with induction of the corresponding cytokine protein. These data thus demonstrate a rapid and transient induction of multiple pro-and anti-inflammatory cytokines from both splenic lymphoid and nonlymphoid cells after R36A immunization. Further, the data strongly suggest that the TNF-␣ was responsible for stimulating the adaptive, humoral response to R36A that originated as part of the early innate response to this bacterium. TNF-␣, stimulate the humoral response to R36A. In the next set of experiments, we wished to determine whether other proinflammatory cytokines, observed early after R36A immunization, had a regulatory effect on the anti-PspA and anti-PC responses to R36A. To accomplish this, we immunized mice genetically deficient in IL-6 (IL-6 Ϫ/Ϫ ), IL-12 (IL-12 Ϫ/Ϫ ), or IFN-␥ (IFN-␥ Ϫ/Ϫ ) and compared their humoral responses to R36A with those of wild-type controls. Mice were immunized with R36A on day 0 and boosted on day 14, and serum was obtained after each immunization for analysis of the primary and secondary Ig responses. As shown in Fig. 5 , mice genetically deficient in IL-6 or IFN-␥ showed significantly reduced primary and secondary anti-PspA responses (8-to 12-fold) of all IgG isotypes relative to control mice. Similar results were obtained when a neutralizing anti-IFN-␥ MAb was used (data not shown). In contrast, we found more modest reductions or no changes in the anti-PC response in these mutant mice. Specifically, a significant reduction in IgG2b anti-PC titers (Ϸsixfold) was observed for IL-6 Ϫ/Ϫ mice, and IgG2a anti-PC was reduced (three-to fourfold) in mice lacking IFN-␥ (Fig. 5) . No significant reduction in the anti-PspA or anti-PC responses was observed for IL-12 Ϫ/Ϫ mice relative to controls. The requirement for IL-12 for induction of humoral immunity is dependent on the immunizing dose of R36A. As illustrated in Fig. 5 , we showed that the IgG anti-PspA response was IL-12 independent. In this and other experiments reported herein, we used a single dose of R36A (2 ϫ 10 8 CFU per mouse), which we determined induces an optimal primary Ig response in wild-type mice (data not shown). We next wished to determine whether decreasing the strength of immunization with R36A might reveal a requirement for IL-12. IL-12 Ϫ/Ϫ and control mice were immunized with three different doses of R36A (1 ϫ 10 7 , 5 ϫ 10 7 , and 2 ϫ 10 8 CFU per mouse), and IgG anti-PspA and anti-PC responses were determined. As shown in Fig. 6 , a reduction in the dose of R36A from 2 ϫ 10 Ϫ/Ϫ mice than in controls. IgG anti-PC titers were similar in IL-12 Ϫ/Ϫ and control mice at all three doses of R36A. These data suggest that only optimal immunization of IL-12 Ϫ/Ϫ mice with R36A induces a level of helper activity for Ig induction sufficient to compensate for the lack of IL-12. These data, in combination with data illustrated in Fig. 5 , also suggest that at 2 ϫ 10 8 CFU of R36A, IFN-␥ is able to augment the IgG anti-PspA response in an IL-12-independent manner. In contrast, the relative reduction in the humoral response observed for IL-6 Ϫ/Ϫ mice, compared to controls, was unaffected by the dose of R36A used for immunization (data not shown).
Endogenous proinflammatory cytokines, in addition to
The anti-inflammatory cytokines IL-10 and IL-4 inhibit humoral immunity and regulate Ig class switching, respectively, in response to R36A. We next wished to determine the potential role of the anti-inflammatory cytokines IL-10 and IL-4 in the anti-PspA and anti-PC responses to R36A. As mentioned earlier, IL-10 and IL-4 were coinduced with the proinflammatory cytokines after R36A immunization. When IL-10 Ϫ/Ϫ or IL-4 Ϫ/Ϫ mice were immunized with R36A, significant elevations (5-to 11-fold) of both primary and secondary anti-PspA IgG responses were observed (Fig. 7) . In contrast, IgG anti-PC titers were modestly elevated (two-to fourfold) in both sets of these mutant mice (Fig. 7 ). An exception was noted for the reduced titers (approximately sixfold) of PspA-specific IgG1 and PC-specific IgG1 in the absence of IL-4. Mice doubly mutant in IL-4 and IL-10 showed no additional alterations in Ig isotype titers relative to that observed for either IL-4 Ϫ/Ϫ or IL-10 Ϫ/Ϫ mice (data not shown). These data strongly suggest that endogenous IL-10 exerts an Ig isotype-nonspecific suppression on the humoral response to R36A, whereas IL-4 regulates Ig class switching (36) . As with the proinflammatory cytokines, the effects of IL-4 and IL-10 generally were more pronounced and consistent for the anti-PspA than for the anti-PC response, suggesting potential quantitative differences in the endogenous cytokine regulation of protein-versus polysaccharide-specific Ig responses to intact bacteria. These data are summarized in Fig. 8 .
Endogenous IL-10 inhibits induction of proinflammatory cytokines. In a final set of experiments we wished to determine whether the enhancement in the humoral response to R36A observed for IL-10 Ϫ/Ϫ mice might, at least in part, be secondary to the ability of endogenous IL-10 to downregulate proinflammatory cytokine induction (41) . Spleen cells from wildtype versus IL-10 Ϫ/Ϫ mice were cultured in the presence or absence of R36A, and cytokine concentrations in culture supernatant were measured 24 h later. In addition, spleen cells from wild-type mice were cultured with R36A in the presence of a neutralizing anti-IL-10 versus control MAb. Spleen cells from wild-type and IL-10 Ϫ/Ϫ mice cultured in medium alone made no detectable cytokines (Fig. 9) . Addition of R36A to wild-type spleen cell cultures resulted in the induction of IL-6, IFN-␥, IL-12, TNF-␣, and IL-10; IL-4 was not detected (Յ5 pg/ml). In contrast, spleen cells from IL-10 Ϫ/Ϫ mice showed a striking upregulation of R36A-induced IL-6, IFN-␥, IL-12, and TNF-␣ relative to wild-type controls. IL-6, IFN-␥, and IL-12 were also upregulated in wild-type spleen cells upon addition of anti-IL-10 MAb relative to control MAb. These data suggest that endogenous IL-10 inhibits Ig responses to R36A, at least in part, by downregulating the expression of Ig-inducing, proinflammatory cytokines.
DISCUSSION
Extracellular bacteria rapidly induce the release of proinflammatory cytokines, including IL-1, IL-6, TNF-␣, IL-12, and IFN-␥ from multiple cell types which participate in the protective, innate response to these pathogens (20, 30) . Dendritic cells (DCs), macrophages, NK cells, NK-T and TCR-␥/␦-T cells, mast cells, neutrophils, endothelial cells, and fibroblasts can collectively release these mediators and subsequently become activated in response to them. Anti-inflammatory cytokines, such as IL-4 and IL-10, can also be released in response to bacterial challenge (68) . Following the innate response to extracellular bacteria, long-lived, adaptive immunity develops, and this is primarily mediated by antibody. The events which mediate the innate response to pathogens can have a profound influence on the quality and intensity of the subsequent adaptive immune response (51) . In this regard, little is known concerning the potential impact of innate cytokine release on the subsequent development of the adaptive Ig response to an extracellular bacterium. In this report we demonstrate that a number of proinflammatory cytokines independently regulate, in a positive manner, induction of both protein-and polysaccharide-specific Ig isotypes in response to S. pneumoniae in vivo. In contrast, the effects of the anti-inflammatory cytokines IL-10 and IL-4 on the humoral response to S. pneumoniae appear to be isotype-nonspecific suppression and regulation of Ig isotype switching, respectively. Our detailed studies of one proinflammatory cytokine, TNF-␣, typically induced in response to numerous bacterial pathogens, strongly suggest a link between this cytokine released during the early, innate response and the subsequent development of adaptive humoral immunity.
We demonstrate that endogenous TNF-␣ strongly stimulates the primary anti-PspA response and the development of PspA-specific memory in response to R36A. TNF-␣ also enhances the anti-PC response, but to a lesser extent. In contrast, the elicitation of the secondary anti-PspA response, which occurs with significantly more rapid kinetics than the primary (83), is not affected by neutralization of endogenous TNF-␣ at the time of secondary challenge. This suggests that primary and secondary humoral responses have different cytokine requirements, perhaps due to the increased efficiency and strength of the latter. Kinetic studies indicate that the Iginducing effects of TNF-␣ are completed within the first 48 to 72 h after primary R36A immunization. The major source of this TNF-␣ appears to be splenic non-B and non-T cells, which upregulate TNF-␣ mRNA by 2 h following R36A immunization, with levels returning to near normal by 6 h and remaining so up to 72 h. Although we did not evaluate other tissue sources of TNF-␣, the spleen appears to be a major source of early primary Ig production in response to systemic administration of S. pneumoniae (17) . The splenic non-B and non-T cells producing TNF-␣ may include mast cells, neutrophils, DCs, and macrophages, all of which are activated early in response to extracellular bacteria (47, 63, 69) . Lipoteichoic acid (LTA), peptidoglycan, and bacterial DNA, all expressed by S. pneumoniae, are all known inducers of TNF-␣ (31, 63, 75) at least in part through engagement of distinct Toll-like receptors (2). Thus, early TNF-␣ synthesis by one or more of these innate immune cells appears necessary for induction of downstream events leading ultimately to optimal primary Ig responses and the development of immunologic memory. TNF-␣ exhibits a multitude of proinflammatory effects that could influence the development of an adaptive response. TNF-␣ promotes DC maturation and antigen presentation, and through induction of chemokines, migration of DCs to sites of pathogen localization (14, 35, 39, 48) . TNF-␣ also costimulates IL-6 and IL-12 synthesis by APC, the latter favoring IFN-␥ production (8, 27) , all of which we show here to be important for an optimal Ig response to R36A. NK cell production of IFN-␥ is also promoted by TNF-␣ (77). TNF-␣ may play an additional role in recruiting T cells to immunologic sites, through upregulation of adhesion molecules on endothelial cells (50) , as well as directly induce T cell activation (62) . In addition to the role played by TNF-␣, we observed a similar, transient R36A-mediated induction of other proinflammatory cytokines in the spleen. Within 2 h, IL-1, IL-6, IL-12, and IFN-␥ were also elevated, with levels returning to baseline by 24 h and remaining at baseline up to 72 h. Defects in humoral responses to both soluble antigens and pathogens have previously been demonstrated in some but not all studies using IL-6 Ϫ/Ϫ mice (13, 42, 43, 46, 64, 66) . The presence or absence of IL-6 dependence for Ig responses may relate to the nature of the immunogen, the presence or absence of an adjuvant, and/or the route of immunization. These differences may be understood by considering the relative complement dependence of a particular Ig response. Thus, endogenous IL-6 may stimulate humoral responses, primarily through induction of C3 synthesis by local macrophages, as well as through direct induction of B-cell maturation (43) . Antigenbound C3 is important for CD21-dependent B-cell antigen receptor signaling, as well as retention of antigen by follicular DCs (25) . Although numerous cells, including DCs, macrophages, T cells, B cells, fibroblasts, and endothelial cells can potentially elaborate IL-6, one study implicated DCs as a primary source of IL-6 during a T-cell-dependent Ig response in vivo (43) . In this regard we have observed that DCs obtained from IL-6 Ϫ/Ϫ mice are defective, relative to wild-type DCs, in eliciting in vivo Ig responses when pulsed in vitro with S. pneumoniae and then adoptively transferred into naive mice (18a). The requirement for IL-12 for Ig induction is observed only when relatively low doses of R36A are used, doses which induce a suboptimal humoral response. The stimulatory effect of IL-12 was Ig isotype nonselective. IL-12 may regulate isotype switching through induction of IFN-␥ (40) with enhancements in IgG2a and possibly IgG3, and suppression of IgG1 and IgE (18, 71, 72) . However, as is more likely here, IL-12 can also stimulate Ig secretion by postswitched B cells, in an Ig isotypenonselective and IFN-␥-independent manner, perhaps through direct binding to activated B cells and through inhibition of B1-cell outgrowth (52) . B1 cells have been reported to downregulate the function of conventional (B2) B cells (65) . In this regard, although anti-PC responses often segregate with B1 cells, IL-12 had no significant effect on anti-PC responses to R36A. This may be due to the ability of conventional B2 cells to also elaborate anti-PC Ig, albeit of the non-T15 idiotype (52) . Although IL-12 plays a major role in stimulating IFN-␥ release from T cells and NK cells, we observe a requirement for IFN-␥ for maximal Ig responses even at optimal R36A doses, conditions under which the absence of IL-12 has no effect. These data suggest a functional role for IFN-␥ that is IL-12 independent, and which has been previously described in studies using other model systems (52) . Although IFN-␥ is a switch factor for IgG2a and IgG3 and inhibits IgG1 and IgG2b (71, 72) , IFN-␥ Ϫ/Ϫ mice immunized with R36A showed reductions in all anti-PspA isotypes. Nevertheless, IgG2a anti-PspA was more strongly reduced than other anti-PspA isotypes, and of the anti-PC isotypes, only IgG2a was significantly reduced in IFN-␥ Ϫ/Ϫ mice relative to controls. The Ig isotype-nonselective, stimulatory effect of IFN-␥ on the humoral response to R36A could be due in part to its ability to sensitize DCs and macrophages for enhanced activation in response to microbial activators or to CD40-ligand (29, 74, 78) . In this regard, induction of IL-12, IL-18, and TNF-␣ is reduced in LPS-injected IFN-␥ Ϫ/Ϫ mice relative to controls. In addition, neutralization of endogenous IL-12 or IFN-␥ can enhance transforming growth factor ␤ production by DCs (49); transforming growth factor ␤ has been implicated in tolerance induction (80) .
In contrast to our observations on the Ig-inductive properties of endogenous proinflammatory cytokines, IL-10 Ϫ/Ϫ mice elicited substantially higher primary and secondary anti-PspA responses and primary anti-PC responses to R36A than those observed for wild-type controls. The suppressive effect of endogenous IL-10 was isotype nonselective. In contrast, IL-4 Ϫ/Ϫ mice, relative to wild-type controls, exhibited an Ig isotypeselective response to R36A, with endogenous IL-4 enhancing IgG1, but suppressing IgG2b and/or IgG2a anti-PspA and anti-PC responses. These data suggest that IL-10 has a broadly suppressive effect on the humoral response to R36A, whereas IL-4 regulates Ig isotype switching.
R36A induces IL-10, within several hours after immunization, from both splenic non-B and non-T cells, as well as B and T cells. B cells, T cells, DCs, macrophages, and NK cells are all potential sources of IL-10 in direct response to constituents expressed by R36A, including peptidoglycan, LTA, bacterial DNA, and even PC (34, 58, 79) . IL-10 exhibits a number of immunosuppressive effects that may affect both the innate and the adaptive phases of the immune response to R36A. Early, during the innate phase of the response, IL-10 could inhibit antigen presentation, expression of antigen-presenting and costimulatory molecules, and maturation of DCs (6, 22, 44) . In addition, IL-10 may suppress IL-12 synthesis by DCs (54, 76) , with resultant inhibition of IFN-␥ production, shown here to be important in stimulating the humoral response to R36A. Similarly, IL-10 can suppress proinflammatory cytokine production by macrophages (54) . Finally, IL-10 may inhibit the early action of proinflammatory chemokines which in part mediate recruitment of DCs to pathogen-infected tissue sites (21) . Indeed, we show here that endogenous IL-10 strikingly downregulates the induction of IL-6, TNF-␣, IL-12, and IFN-␥ from spleen cells activated with R36A in vitro. In addition to inhibiting cytokines that induce inflammatory chemokines, IL-10 mediates downregulation of chemokine receptors which then become uncoupled and fail to elicit migration. In addition, these frozen receptors trap free chemokines, removing them from the microenvironment. IL-10 may also act later during the adaptive phase of the humoral response to R36A by inhibiting CD28 signaling, through a direct effect on T cells (38) . Further, IL-10 can act directly on B cells to stimulate switching to IgG3 (70) , but this effect was not observed in response to R36A.
Like IL-10, IL-4 is released both by splenic non-B and non-T cells and by B and T cells within several hours after R36A immunization. Potential sources of this early IL-4 release include mast cells (61) and NK-T cells (4) . IL-4 is also released in response to a number of other extracellular and intracellular bacteria (19, 56, 68) . Like IL-10, IL-4 may be anti-inflammatory. Thus, IL-4 can inhibit macrophage production of proinflammatory cytokines (24, 56) , shown here to stimulate Ig responses to R36A. In contrast, IL-4 can promote DC maturation, thus potentially enhancing antigen presentation (45) . Further, IL-4 is known to have a number of stimulatory effects on B cells, including an increase in redistribution of B cells to the spleen and increased B-cell life span in vivo (55, 59) , all of which could serve to augment Ig synthesis. Our observation that IL-4 Ϫ/Ϫ mice exhibit reduced IgG1 but enhanced IgG2b and IgG2a responses to R36A relative to wild-type controls suggests that IL-4 is primarily regulating Ig class switching in response to R36A, and not, like IL-10, having a general immunosuppressive effect. IL-4 can directly regulate Ig class switching in B cells (18, 36, 71) , as well as indirectly, through downregulation of IL-12 and IL-12 receptor expression by APCs with a resultant reduction in type 1 cytokines, including IFN-␥ (32) .
Collectively, these data indicate a stimulatory effect of endogenous proinflammatory cytokines on the in vivo humoral response to an extracellular bacteria, whereas endogenous anti-inflammatory cytokines are suppressive, with the exception of IL-4 induction of IgG1. Thus, the strength and quality of the humoral response to R36A is balanced by the concomitant release of a set of cytokines that have opposing actions. The observation that these cytokines have independent, but only partial effects on the R36A-mediated Ig response suggests that they manifest both unique and overlapping functions. These data also support the notion that cytokines classified as type 1 (e.g., IL-12, IFN-␥, and TNF-␣) and type 2 (e.g., IL-4 and IL-10) may either inhibit or enhance Ig responses depending upon the particular immunologic milieu associated with distinct pathogens or immunogens. Thus, type 2 cytokines may enhance Ig responses in the setting of allergic hypersensitivity or nematode worm infections but inhibit Ig induction in response to extracellular bacteria. Finally, these data suggest that the relative requirement for endogenous cytokines for induction of protein-specific Ig may be greater than that observed for polysaccharide-specific Ig responses. This may reflect, in part, the greater degree of membrane Ig-mediated activation of B cells that specifically bind multivalent polysaccharides, relative to B cells binding monovalent or paucivalent proteins (53) .
